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Abstract: We carefully study the spectrum of open strings localized at the in-
tersections of D6-branes and identify the lowest massive ‘twisted’ states and their
vertex operators, paying particular attention to the signs of the intersection angles.
We argue that the masses of the lightest states scale as M2θ ≈ θM2s and can thus
be parametrically smaller than the string scale. Relying on previous analyses, we
compute scattering amplitudes of massless ‘twisted’ open strings and study their
factorization, confirming the presence of the light massive states as sub-dominant
poles in one of the channels.
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1. Introduction
Vacuum configurations with open unoriented strings have attracted a lot of attention
in the past few years for their remarkable phenomenological properties [1–4]1. One
of the peculiar features is the possibility of accommodating large extra dimensions
giving rise to a significantly lower string scale, even of a few TeV [8–10]. Scenarios
of these kinds may circumvent the hierarchy problem, but also allow for stringy
signatures that can be observed at LHC [11–24].
Recently, in a series of papers [25–28] the authors study tree-level string scat-
tering amplitudes containing at most two chiral fermions. They show that these
amplitudes exhibit a universal behaviour independently of the specifics of the com-
pactification, which gives their results a predictive power. The observed poles cor-
respond to the exchanges of Regge excitations of the standard model gauge bosons,
1For reviews on phenomenological implications of D-instantons in this context, see [5–7]
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whose masses scale with the string mass Ms. On the other hand there exists a tower
of stringy excitations of the chiral fermions and their superpartners localized at the
intersections of two stacks of D-branes. Their masses depend on the string mass
Ms and the intersection angle θ and thus can be significantly lighter than the Regge
excitations of the gauge bosons.
A large subclass of semi-realistic global D-brane constructions exhibit small in-
tersection angles between two stacks of D-branes and thus allow for light stringy
states. A priori the widths of the angles depend on the wrapping numbers of the
intersecting branes and on the moduli of the compactification, associated to closed-
string excitations. Playing with both discrete and continuous degrees of freedom it
is possible to lower the threshold for the production of these states well below the
string scale Ms ≈
√
Ts. Aim of the present work is the investigation of massive, but
potentially very light, open string states. We analyze in detail a configuration of
intersecting D-branes, discuss the states arising at such an intersection beyond the
massless level. Moreover, we give a detailed description for the construction of their
vertex operators, which crucially depends on the signs of the intersection angles.
Equipped with the vertex operators for arbitrary intersection angles we compute
the four point amplitude containing four fermions. We investigate various limits of
this amplitude and show that the most dominant poles correspond to the exchanges
of the light stringy states. While the signals of such light stringy states at colliders
could be not so easy to recognize and discriminate from other kinds of Physics Beyond
the Standard Model the amplitude also exhibits signatures of higher spin exchanges,
whose origin is purely stringy and whose masses do not vanish for small angles. Thus
signatures of light stringy states may provide a first step towards evidence for string
theory.
The presentation will be organized as follows. In section 2, we present a dictio-
nary between massless or massive states localized at two intersecting D-brane stacks
and their corresponding vertex operator. In section 3 we will compute some relevant
scattering amplitudes at tree-level (disk) and expose the massive poles associated
to massive, but light open strings. In section 4 we will conclude. The appendix A
provides the definitions of the bosonic twist fields appearing in the vertex operators,
while in appendix B we apply the state - vertex operator dictionary laid out in section
2 to some particular massive states localized at the intersection of two D-branes. The
appendices C and D provide some technical details necessary for the computation
and analysis of the considered amplitude.
2. Quantization of strings localized at D-brane intersections
In this section we will analyze the states localized at the intersection of two stacks of
D6-branes. We will derive a dictionary between states localized at such an intersec-
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tion and their corresponding vertex operators2. Let us start by solving the equations
of motion for an open string stretched between two D-brane stacks intersecting at an
angle πθ in the (X, Y ) plane. The bosonic coordinates have to fulfil the boundary
conditions [33–35]
∂σX(τ, 0) = 0 = Y (τ, 0)
∂σX(τ, π) + tan (πθ) ∂σY (τ, π) = 0
Y (τ, π)− tan (πθ) X(τ, π) = 0 .
(2.1)
It proves convenient to introduce complex coordinates ZI = XI+iY I with I = 1, 2, 3
for the internal (compactified) directions. Given these boundary conditions for each
X and Y , one can deduce the mode expansions for each ∂Z and ∂Z that read (after
applying the doubling trick)
∂Z(z) =
∑
n
αn−θ z
−n+θ−1 ∂Z(z) =
∑
n
αn+θ z
−n−θ−1 . (2.2)
Upon quantization the only non-vanishing commutators are
[αn±θ, αm∓θ] = (m± θ) δn+m .
World-sheet supersymmetry δX = ǫψ leads to the same modding for the complexified
world-sheet fermions. One obtains (again after using the doubling trick)
Ψ(z) =
∑
r∈Z+ν
ψr−θ z
−r− 1
2
+θ Ψ(z) =
∑
r∈Z+ν
ψr+θ z¯
−r− 1
2
−θ , (2.3)
where ν is 1
2
and 0 for the NS-sector and R-sector, respectively. Upon quantization
the only non-vanishing anti-commutator are
{ψm−θ, ψn+θ} = δm,n . (2.4)
In the following we present a prescription that gives the vertex operator corre-
sponding to any state localized at an intersection of two D-branes. To this end we
need to properly define the ground-state and identify the annihilation and creation
operators. Equipped with the proper ground state definition we derive the OPE’s of
the conformal fields ∂Z, ∂Z, Ψ and Ψ with the vacua and excitations thereof. With
their knowledge one is able to write down the vertex operator corresponding to any
state, be it massless or massive.
2For a discussion of vertex operators for massless states at arbitrary intersection angles, see
[29, 30]. For an analysis of instantonic modes at the intersection of D-instanton and D-brane at
arbitrary angles, see [31]. Vertex operators of massive states in heterotic compactifications are
discussed in [32].
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2.1 NS-sector
Let us start with the NS sector that describes space-time bosons restricting for the
moment our attention onto just one complex dimension. The definition of the ground-
state crucially depends on whether the intersection angles are positive or negative.
For a positive intersection angle the ground-state | θI 〉NS is given by
αm−θ| θ 〉NS = 0 m ≥ 1 ψr−θ| θ 〉NS = 0 r ≥ 1
2
αm+θ| θ 〉NS = 0 m ≥ 0 ψr+θ| θ 〉NS = 0 r ≥ 1
2
.
(2.5)
whereas for a negative intersection angle it is defined as
αm−θ| θ 〉NS = 0 m ≥ 0 ψr−θ| θ 〉NS = 0 r ≥ 1
2
αm+θ| θ 〉NS = 0 m ≥ 1 ψr+θ| θ 〉NS = 0 r ≥ 1
2
.
(2.6)
Due to the non-trivial intersection angles the vertex operators describing the
states under consideration involve bosonic and fermionic twist fields accounting for
the boundary conditions (2.1). In order to properly identify these twist fields we
determine the action of the conformal fields Ψ, Ψ, ∂Z and ∂Z on the ground-state
| θ 〉NS and excitations (fermionic and bosonic ones) thereof.
We start by investigating the ground-state | θ 〉NS, with positive intersection angle
θ, that can be identified with s+θ (0) σ
+
θ (0)| 0 〉uNS, where s+θ , σ+θ denote the fermionic
and bosonic twist fields, respectively, and | 0 〉uNS is the untwisted vacuum. Acting
with the bosonic conformal fields ∂Z and ∂Z on the the ground-state | θ 〉NS we
obtain
∂Z(z)| θ 〉NS =
∑
n∈Z
αn−θz
−n+θ−1| θ 〉NS → zθ−1 α−θ| θ 〉NS = zθ−1s+θ (0)τ+θ (0)| 0 〉uNS
∂Z(z)| θ 〉NS =
∑
n∈Z
αn+θz
−n−θ−1| θ 〉NS → z−θ α−1+θ| θ 〉NS = z−θs+θ (0)τ˜+θ (0)| 0 〉uNS .
Here τ+θ and τ˜
+
θ denote excited twist fields with conformal dimensions hτ+
θ
= 1
2
θ(3−θ)
and hτ˜+
θ
= 1
2
(1 − θ)(2 + θ), respectively. Analogously acting with Ψ and Ψ on the
twisted vacuum | θ 〉NS gives
Ψ(z) | θ 〉NS =
∑
r∈Z+ 1
2
z−r−
1
2
+θψr−θ| θ〉NS → zθψ− 1
2
−θ| θ 〉NS = zθ t˜+θ (0) σ+θ (0)| 0 〉uNS
Ψ(z) | θ 〉NS =
∑
r∈Z+ 1
2
z−r−
1
2
+θψr+θ| θ〉NS → z−θ ψ− 1
2
+θ| θ 〉NS = z−θ t+θ (0) σ+θ (0)| 0 〉uNS ,
where t˜+θ and t
+
θ denote excited fermionic twist fields with conformal dimension
ht˜+
θ
= 1
2
(1 + θ)2 and ht+
θ
= 1
2
(1− θ)2, respectively. The fermionic conformal fields
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allow for a bosonization which then take the form
Ψ(z) = eiH(z) Ψ(z) = e−iH(z) (2.7)
s+θ (z) = e
iθH(z) t+θ (z) = e
i(θ+1)H(z) t˜+θ (z) = e
i(θ−1)H(z) .
Analogously one can apply the same procedure to fermionic and bosonic excitations
of the vacuum as well as the ground state for negative intersection angle, defined in
(2.6) and excitations thereof. We display our findings in the table 1.
Positive angles Negative angles
state vertex operator state vertex operator
| θ 〉NS eiθH(z)σ+θ (z) | θ 〉NS eiθH(z)σ−θ (z)
α−θ| θ 〉NS eiθH(z)τ+θ (z) αθ| θ 〉 eiθH(z)τ˜−θ (z)
(α−θ)
2 | θ 〉NS eiθH(z)ω+θ (z) (αθ)2 | θ 〉NS eiθH(z)ω˜−θ (z)
ψ− 1
2
+θ| θ 〉NS ei(θ−1)H(z)σ+θ (z) ψ− 12−θ| θ 〉NS e
i(θ+1)H(z)σ−θ (z)
α−θ ψ− 1
2
+θ| θ 〉NS ei(θ−1)H(z)τ+θ (z) αθ ψ− 12−θ| θ 〉NS e
i(θ+1)H(z)τ˜−θ (z)
(α−θ)
2 ψ− 1
2
+θ| θ 〉NS ei(θ−1)H(z)ω+θ (z) (αθ)2 ψ− 12−θ| θ 〉NS e
i(θ+1)H(z)ω˜−θ (z)
α−1+θ| θ 〉NS eiθH(z)τ˜+θ (z) α−1−θ| θ 〉NS eiθH(z)τ−θ (z)
α−1+θψ− 1
2
+θ| θ 〉NS ei(θ−1)H(z)τ˜+θ (z) α−1−θψ− 12−θ| θ 〉NS e
i(θ+1)H(z)τ−θ (z)
Table 1: Excitations and their corresponding vertex operator part for the NS-sector.
Here we give the bosonized form of the fermionic twist operators. In appendix
A we properly define the bosonic twist fields by displaying their OPE’s with ∂Z and
∂Z .
2.2 R-sector
Let us turn to the R-sector, whose bosonic part is exactly the same as for the NS-
sector. Thus it is sufficient to study the fermionic part. The mode expansion of
Ψ and Ψ are similar to the expansions in the NS sector however the sum is over
integers and not half-integers (see eq. (2.3)). Again the definition of the ground
state crucially depends on whether the intersection angle is positive or negative. For
positive intersection angle one has
αm−θ| θ 〉R = 0 m ≥ 1 ψr−θ| θ 〉R = 0 r ≥ 1
αm+θ| θ 〉R = 0 m ≥ 0 ψr+θ| θ 〉R = 0 r ≥ 0 .
(2.8)
whereas for a negative intersection angle one defines
αm−θ| θ 〉R = 0 m ≥ 0 ψr−θ| θ 〉R = 0 r ≥ 0
αm+θ| θ 〉R = 0 m ≥ 1 ψr+θ| θ 〉R = 0 r ≥ 1 .
(2.9)
As one can easily see the bosonic part of the R-sector behaves similar as in the NS-
sector. On the other hand due to the fact that the mode expansion of Ψ and Ψ in the
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R-sector is over integers rather than half-integers the fermionic twist operators will
take a different form from the ones in the NS-sector. Applying the same procedure
as in the NS sector to obtain the necessary OPE’s we get the vacuum | θ 〉R. In case
of positive intersection angle, it can be identified with S+θ (0)σθ(0)| 0 〉uR viz.
Ψ(z) | θ 〉R =
∑
n∈Z
ψn−θ z
−n− 1
2
+θ| θ 〉R −→ z− 12+θT+θ (0) σθ(0)| 0 〉uR = | θ 〉R
Ψ(z) | θ 〉R =
∑
n
ψn+θ z
−n− 1
2
−θ| θ 〉R −→ z 12−θT˜+θ (0) σθ(0)| 0 〉uR = | θ 〉R .
Here T+θ and T˜
+
θ denote excited twist fields that can be bosonized
S+θ (z) = e
i(θ− 12)H(z) T+θ (z) = e
i(θ+ 12)H(z) T˜+θ (z) = e
i(θ− 32)H(z) (2.10)
Analogously we can derive the vertex operator corresponding to any excitation.
The definitions of the bosonic twist operators, namely their OPE’s with the conformal
fields ∂Z and ∂Z are given in the appendix A. We summarize our findings in the
table below, where the fermionic twists are given in the bosonized form as in the
NS-sector.
Positive angles Negative angles
state vertex operator state vertex operator
| θ 〉R ei(θ−
1
2)H(z)σ+θ (z) | θ 〉R ei(
1
2
−θ)H(z)σ−θ (z)
α−θ| θ 〉R ei(θ−
1
2)H(z)τ+θ (z) αθ| θ 〉R ei(
1
2
−θ)H(z)τ˜−θ (z)
ψ−θ| θ 〉R ei(θ+
1
2)H(z)σ+θ (z) ψθ| θ 〉R ei(θ−
1
2)H(z)σ−θ (z)
α−θ ψ−θ| θ 〉R ei(θ+
1
2)H(z)τ+θ (z) αθ ψθ| θ 〉R ei(θ−
1
2)H(z)τ˜−θ (z)
ψ−1+θ| θ 〉R ei(θ−
3
2)H(z)σ+θ (z) ψ−1−θ| θ 〉R ei(θ+
3
2)H(z)σ−θ (z)
α−θ ψ−1+θ| θ 〉R ei(θ−
3
2)H(z)τ+θ (z) αθ ψ−1−θ| θ 〉R ei((θ+
3
2)H(z)τ˜−θ (z)
Table 2: Excitations and their corresponding vertex operator part for the R-sector.
2.3 States and vertex operators
In the previous subsection we derived the necessary building blocks of the vertex
operators. Here we will display the vertex operators corresponding to specific states.
Before turning to concrete examples we give the mass formula, which can be easily
derived from the Virasoro operator [36]
M2 =
(
2∑
µ=1
{∑
nǫZ
: αµ−n α
µ
n : +
∑
nǫZ
n : ψµ−n ψ
µ
n :
}
(2.11)
+
3∑
I=1
{∑
mǫZ
: αI−m+θIα
I
m−θI
: +
∑
mǫZ+ν
(m− θI) : ψI−m+θIψIm−θI :
}
+ ǫI0
)
M2s .
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Here ν is 1
2
and 0 for the NS- and R-sector, respectively and the index I denotes the
internal dimension. The zero point energy ǫI0 of the I-th dimension can be computed
by ζ-function regularization to ǫI0 = −18+ 12 θI ( ǫI0 = −18− 12 θI ) for positive (negative)
intersection angle for the the NS-sector and ǫI0 = 0 for the R-sector.
For supersymmetric intersections, we are mosty interested in, the three intersec-
tion angles have to satisfy the following condition
θ1 + θ2 + θ3 = 0 mod 2 (2.12)
which leaves the following two independent options
• θ1, θ2, θ3 ≥ 0 with
∑
I θI = 2
• θ1, θ2 ≥ 0 and θ3 ≤ 0 with
∑
I θI = 0 .
Below we will discuss these two setups in detail, we present the massless states in
the NS- and R-sector, display their corresponding vertex operator and then turn to
genuinely massive string states discuss their masses as well as their vertex operators.
For a more complete list of massive states localized at the intersection of two D-branes
we refer to the appendix B.
Finally, not all possible excitations correspond to physical states. The GSO
projection, ensuring modular invariance of the parent closed-string partition function,
requires that a physical state in the NS-sector contains an odd number of fermionic
excitations.
Only positive angles
Let us start with the setup in which all intersection angles are positive. In this case
the supersymmetry condition reads3
θ1 + θ2 + θ3 = 2 . (2.13)
The lightest state in the NS-sector in that case is given by
3∏
I=1
ψI
− 1
2
+θI
| θ1,2,3 〉abNS M2 =
(
1− 1
2
(θ1 + θ2 + θ3)
)
M2s , (2.14)
which is massless for a supersymmetric configuration.
Given the vertex operator contribution for each complex dimension the corre-
sponding vertex operator takes the form
3∏
I=1
ψI
− 1
2
+θI
| θ1,2,3 〉abNS : V (−1)φ∗ = Λab φ∗e−ϕ
3∏
I=1
σ+θI e
−i(1−θI )HI eikX . (2.15)
3Here all angles lie in the open interval (0, 1).
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It is easy to verify that the conformal dimension of this vertex operator is h =
2− 1
2
∑3
I=1 θI + k
2 and the state becomes massless (h = 1) once the supersymmetry
condition is satisfied. How do we know that one has to identify this state as the
lowest component of an anti-chiral superfield rather than of a chiral superfield? This
can be answered by looking at the U(1)WS charge which in the canonical (−1)-ghost
picture is the same as the U(1)R charge. In this specific case the U(1)WS charge
is
∑3
I=1(θI − 1) = −1 for the supersymmetric setup, and this should be identified
with the scalar of the anti-chiral supermultiplet. The conjugate field is the string
going from brane b to a and its vertex operator takes the form (keep in mind that
the angles from D6-brane b to D6-brane a are now −θI and thus all negative.)
V
(−1)
φ = Λba φ4 e
−ϕ
3∏
I=1
σ−θI e
i(1−θI )HI eikX . (2.16)
.
The superpartner of
∏3
I=1 ψ− 12+θI
| θ1,2,3 〉NS is given by the ground state of the
R-sector | θ1,2,3 〉R, which is massless independent of the choice of intersection angles
and whose vertex operator takes the form
| θ1,2,3 〉abR : V (−1/2)ψ = Λab ψα˙e−ϕ/2 Sα˙
3∏
I=1
σ+θIe
i(θI− 12)HI eikX (2.17)
The appearance of the anti-chiral spin field Sα˙ is dictated by the GSO-projection.
Note that the U(1)WS charge
∑3
I=1
(
θI − 12
)
= 1
2
suggests that this field is identified
with a right-handed fermion belonging to an anti-chiral multiplet. The conjugate
left-handed fermion is identified with the string going from D6-brane b to D6-brane
a and its vertex operator takes the form
| θ1,2,3 〉baR : V (−1/2)ψ = Λba ψαe−ϕ/2 Sα
3∏
I=1
σ−−θIe
i(−θI+ 12)HI eikX (2.18)
Note that the U(1)WS charge for this vertex operator is −12 indicating that it belongs
to a chiral multiplet. This vertex operator is indeed the supersymmetric partner of
(2.16) which can be easily checked given that the supercharge is
Qα = e−ϕ/2Sα
3∏
I=1
e
i
2
HI . (2.19)
Before turning to the second setup let us also display the vertex operators for
the states α1θ1
∏3
I=1 ψ
I
− 1
2
+θI
| θ1,2,3 〉 and
(
α1θ1
)2∏3
I=1 ψ
I
− 1
2
+θI
| θ1,2,3 〉
α1θ1
3∏
I=1
ψI
− 1
2
+θI
| θ1,2,3 〉baR : V (−1)Ψτ1 = ΛbaΨτ1 e
−ϕ τ−θ1 e
i(1−θ1)H1
3∏
I=2
σ−θI e
i(1−θI )HI eikX
(
α1θ1
)2 3∏
I=1
ψI
− 1
2
+θI
| θ1,2,3 〉baR : V (−1)Ψω1 = ΛbaΨω1 e
−ϕ ω−θI e
i(1−θ1)H1
3∏
I=2
σ−θI e
i(1−θI )HI eikX
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Again the U(1)WS charge dictates that these are lowest component of chiral super-
fields going from brane b to brane a.The mass of the states are M2Ψτ1 = θ1M
2
s and
M2Ψω1 = 2θ1M
2
s which can be significantly smaller than the string scale Ms = 1/
√
α′,
in case the intersection angle θ1 is very small. In section 3 we investigate whether
and how in such a scenario those light states can be observed.
Two positive angles one negative one
For the sake of concreteness we choose the third angle θ3 to be negative. The super-
symmetry condition is given by
θ1 + θ2 + θ3 = 0 . (2.20)
The lightest state is
ψ3
− 1
2
−θ3
| θ1,2,3 〉abNS M2 =
1
2
(θ1 + θ2 + θ3)M
2
s , (2.21)
which is massless for a supersymmetric configuration. The corresponding vertex
operator is given by
ψ3
− 1
2
−θ3
| θ1,2,3 〉abNS : V (−1)φ3 = Λab φ3 e−ϕ
2∏
I=1
σ+θI e
iθIHi σ−−θ3 e
i(1+θ3)H3 eikX
(2.22)
This indeed describes the lowest component of a chiral superfield since the U(1)WS
charge is +1. Its superpartner is the Ramond ground state | θ1,2,3 〉R whose vertex
operator using table 2 is given by
| θ1,2,3 〉abR : V (−1/2)ψ = Λab ψαe−ϕ/2 Sα
2∏
I=1
σ+θIe
i(θI− 12)HI σ−−θ3e
i(θ3+ 12)H3 eikX .
(2.23)
It is easy to see that the U(1)WS charge is indeed −12 as expected for a left-handed
fermion in a chiral multiplet. Note that applying the supercharge (2.19) to this vertex
operator one obtains the bosonic vertex operator (2.22).
3. Amplitudes, their factorization and all that
In the previous section we analyzed the configuration of two D6-branes intersecting
at non-trivial angles. We gave a recipe for finding the vertex operator corresponding
to any physical state. Moreover, we saw that there exists a tower of physical states
whose mass is proportional to M2 ∼ θM2s , where θ is the intersection angle in one
of the complex dimensions and Ms is the string scale. If this product is small such
– 9 –
states can be light. Here we address the question whether these states can be seen
and what their potential signals are.
Before we turn to that issue let us briefly recall the main features of intersecting
brane worlds [1–4]. The gauge groups arise from stacks of D6-branes that fill out four-
dimensional spacetime and wrap three-cycles in the internal Calabi-Yau threefold.
Chiral matter appears at the intersection in the internal space of different cycles
wrapped by the D6-brane stacks. The multiplicity of chiral matter between two
stacks of D6-branes is given by the topological intersection number of the respective
three-cycles.
Many features of a D-brane compactifications, such as chiral matter, gauge sym-
metry or Yukawa couplings do not crucially depend on the details of the compacti-
fication, but rather only on the local structure of the D-brane configurations. Thus
it is often times sufficient to investigate a local D-brane setup, described by some
quiver theory, and to postpone the embedding into a global setting. This approach
is called bottom-up approach and has been initiated in [37, 38]4.
In the following analysis we have in mind such a local D-brane configuration.
However, instead of looking at the whole local configuration we further zoom in
and just focus on a subset of the D-brane stacks and investigate the various states
localized at the intersection of two stacks. Let us further specify the setup. We
have three stacks of D6-branes wrapping three-cycles on the factorizable six-torus
T 6 = T 2 × T 2 × T 2 [36, 43, 44]. They intersect each other non-trivially and give rise
to the following intersection angles5
θ1ab > 0 θ
2
ab > 0 θ
3
ab < 0
θ1bc > 0 θ
2
bc > 0 θ
3
bc < 0 (3.1)
θ1ca < 0 θ
2
ca < 0 θ
3
ca < 0 .
At each intersection massless chiral fermions appear and, in case of a preserved
supersymmetry,
θ1ab + θ
2
ab + θ
3
ab = 0 θ
1
bc + θ
2
bc + θ
3
bc = 0 θ
1
ca + θ
2
ca + θ
3
ca = −2 (3.2)
even massless scalars. However we do not always have to enforce them, since the
analysis applies independently of whether supersymmetry is preserved or not. More-
over, in the previous section we saw that apart from the massless matter at each
intersection there are also massive states whose mass scales with the intersection an-
gle. In scenarios with a low string tension and small intersection angles such states
can be fairly light and potentially observed at LHC or future experiments.
4For a systematic search of realistic MSSM D-brane quivers, see [39, 40]. For an exhaustive
search of global embeddings of such quivers, see [41, 42].
5Any other consistent choice of angles is equally good, but since the CFT computation depends
on the concrete form of the vertex operators, we have to make a definite choice of angles.
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a) s - channel b) t - channel
χ
χ
ψ
ψ
χ
χ
ψ
ψ
Figure 1: The s-channel: the curly line denotes the gauge boson. The t-channel: the
dashed line denotes the massless scalar. The solid lines denote massive stringy states.
Here we compute the scattering amplitude of four chiral fermions 〈ψ ψ χ χ〉
where ψ and χ are the chiral massless fermions localized at the intersection ab, and
bc, respectively. The fields ψ and χ are their corresponding anti-particle. Let us
discuss briefly the naive expectations concerning various limits of this amplitude.
In the s-channel, displayed in figure 1a, one expects the exchange of a gauge
boson living on the D-brane stack b. Indeed the dominant pole indicates a gauge
boson exchange that allows one to normalize the four-point amplitude. Higher poles
correspond to exchanges of stringy excitations whose masses scale asMs. Such states
can already be observed in the scattering amplitude of four gauge bosons and also
in scattering of two fermions onto two gauge bosons. For a sufficiently small string
tension, in the TeV range, one may observe signals of these states at LHC [25, 27].
On the other hand in the t-channel, displayed in figure 1b, the dominant pole
indicates the exchange of a scalar which is massless if supersymmetry is preserved.
The latter is a string stretched from D6-brane a to D6-brane c. Furthermore one
expects additional poles corresponding to exchanges of massive stringy states. In
contrast to the s-channel exchange particles the masses of those states do not only
scale with Ms but also with the intersection angle θac. Thus they could be signifi-
cantly lighter for small intersection angle θac and signals of such states are expected
to be observed even before observations of the massive untwisted stringy states.
3.1 Vertex operators
For calculating the amplitude 〈ψ ψ χ χ〉 we need the exact form of the vertex opera-
tor. Applying the procedure laid out in section 2 to the choice of intersection angles
(3.1) one obtains
ab : V
(−1/2)
ψ = Λabψ
α e−ϕ/2Sα
2∏
I=1
σ+
θI
ab
ei(θ
I
ab
− 1
2)HI σ−
−θ3
ab
ei(θ
3
ab
+ 1
2)H3 eikX . (3.3)
– 11 –
Its right-handed counterpart is given by
ba : V
(−1/2)
ψ
= Λbaψα˙ e
−ϕ/2Sα˙
2∏
I=1
σ−
θI
ab
ei(−θ
I
ab
+ 1
2)HI σ+
−θ3
ab
ei(−θ
3
ab
− 1
2)H3 eikX . (3.4)
Similarly we get for the bc sector
bc : V (−1/2)χ = Λbcχ
α e−ϕ/2Sα
2∏
I=1
σ+
θI
bc
ei(θ
I
bc
− 1
2)HI σ−
−θ3
bc
ei(θ
3
bc
+ 1
2)H3 eikX . (3.5)
Its right-handed counterpart is given by
cb : V
(−1/2)
χ = Λcbχα˙ e
−ϕ/2Sα˙
2∏
I=1
σ−
θI
bc
ei(−θ
I
bc
+ 1
2)HI σ+
−θ3
bc
ei(−θ
3
bc
− 1
2)H3 eikX . (3.6)
These vertex operators are sufficient for the amplitude computation 〈ψ ψ χ χ〉, but
before turning to the computation of this amplitude let us also display the vertex
operators for the massless scalar6 as well as for some light massive excitations local-
ized at the intersection of D-branes a and c. These will be the anticipated exchange
particles which are related to the dominant and sub-dominant poles in the t-channel
we observe later. Here we assume that the angle θ1ca is small, thus the lightest stringy
states are generated by exciting with the bosonic operator α1
−θ1ca
.
The vertex operator for the massless scalar
∏3
I=1 ψ
I
− 1
2
−θIca
| θ1,2,3 〉caNS is given by
V
(−1)
φ = Λca φ e
−ϕ
3∏
I=1
σ−
θIca
ei(1+θ
I
ca)HI eikX (3.7)
while the one for the first bosonic excitations takes the form
V
(−1)
φ˜
= Λca φ˜ e
−ϕ τ˜−θ1ca e
i(1+θ1ca)H1
3∏
I=2
σ−
θIca
ei(1+θ
I
ca)HI eikX (3.8)
which corresponds to the massive state α1
−θ1ca
∏3
I=1 ψ
I
− 1
2
−θIca
| θ1,2,3 〉caNS and has mass
M2 = −θ1caM2s . The second state we consider is
(
α1
−θ1ca
)2∏3
I=1 ψ
I
− 1
2
−θIca
| θ1,2,3 〉caNS,
that has mass M2 = −2θ1caM2s and whose vertex operator is given by
V
(−1)
φ̂
= Λca φ̂ e
−ϕ ω˜−θ1ca
ei(1+θ
1
ca)H1
3∏
I=2
σ−
θIca
ei(1+θ
I
ca)HI eikX . (3.9)
It is easy to check that the conformal dimensions of these vertex operators indeed
account for states with mass M2 = −θ1caM2s and M2 = −2θ1caM2s , respectively.
6The scalar is massless only when supersymmetry is preserved.
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3.2 The amplitude
Given these vertex operators we are now able to compute the amplitude
A = 〈ψ(0) ψ(x) χ(1) χ(∞)〉 (3.10)
that allows us to extract the Yukawa coupling between the fields ψ, χ and φ (as well
as φ˜ and φ̂). Plugging the vertex operators into the correlators given in appendix C
and taking into account the c-ghost contribution 〈c(0)c(1)c(∞)〉 = x−2∞ one obtains
for the amplitude
A ∼ igsTr (Λba Λab Λbc Λcb)ψ · χψ · χ(2π)4δ(4)
(
4∑
i
ki
)
(3.11)
×
∫ 1
0
dx
x−1+k1·k2 (1− x)− 32+k2·k3 e−Scl(θ1ab,1−θ1bc) e−Scl(θ2ab,1−θ2bc) e−Scl(1+θ3ab,−θ3bc)
[I(θ1ab, 1− θ1bc, x) I(θ2ab, 1− θ2bc, x) I(1 + θ3ab,−θ3bc, x)]
1
2
.
Here we used the identification σ−θ = σ
+
1+θ for the bosonic “twist” and “anti-twist”
fields (see appendix A and [45]).
s-channel – normalization of the amplitude
Before turning to the t-channel, where we expect the exchange of light stringy states,
we will investigate the s-channel which allows us to normalize the amplitude. In
order to properly take the limit x → 0 we Poisso´n resum the classical contribution,
obtaining
A ∼ igsTr (Λba Λab Λbc Λcb)ψ · χψ · χ
(2π)4δ(4)
(∑4
i ki
)
Lb1 Lb2 Lb3
(3.12)
×
∫ 1
0
dx
x−1+k1·k2 (1− x)− 32+k2·k3 e−S˜cl(θ1ab,1−θ1bc) e−S˜cl(θ2ab,1−θ2bc) e−S˜cl(1+θ3ab,−θ3bc)√
2F 1[θ
1
ab, θ
1
bc, 1; x] 2F 1[θ
2
ab, θ
2
bc, 1; x] 2F 1[1 + θ
3
ab, 1 + θ
3
bc, 1; x]
,
where e−S˜cl in the Hamiltonian form is given by
e−S˜cl(θ,ν) =
3∏
i=1
∑
pi,qi
exp
[
−π t(θ, ν, x)
sin(πθ)
α′
L2bi
p2i − π
t(θ, ν, x)
sin(πθ)
R2xi R
2
yi
α′L2bi
q2i
]
. (3.13)
In the limit x→ 0 that corresponds to the s-channel one has
t(θ, ν, x) ≈ sin(πθ)
π
(− ln(x) + ln(δ)) (3.14)
with ln(δ) given by
ln(δ) = 2ψ(1)− 1
2
(ψ(θ) + ψ(1− θ) + ψ(ν) + ψ(1− ν)) . (3.15)
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Thus the dominant pole in the s-channel is
A =igs C Tr (Λba Λab Λbc Λcb) (2π)4δ(4)
(
4∑
i
ki
)
ψ · χψ · χ
× α
′ 3
2
Lb1 Lb2 Lb3
∫ 0+ǫ
0
dx x−1+s
3∏
i=1
∑
pi,qi
(x
δ
) α′
L2
bi
p2i+
R2xi
R2yi
α′L2
bi
q2i
. (3.16)
For pi = qi = 0 the amplitude factorizes on the exchange of gauge bosons
A4(k1, k2, k3, k4) = i
∫
d4k d4k
′
(2π)4
∑
g A
g
µ(k1, k2, k)A
g,µ(k3, k4, k
′
)δ(4)(k − k′)
k2 − iǫ . (3.17)
Knowing the form of the three point amplitude allows us to normalize the amplitude.
In eq (3.17) we sum over all polarizations (vector index µ) and all colors (adjoint
index g) that can be exchanged. The three-point amplitude describing the coupling
of two fermions to a gauge boson is given by [30]
Agµ(k1, k2, k3) = i gD6b (2π)
4δ(4)
(
3∑
i=1
ki
)
ψσµψ Tr(ΛbaΛabΛbb) . (3.18)
Here Λbb denotes the Chan-Paton matrix of the exchanged gauge boson and the gauge
coupling reads [46] g2D6b = (2π)
4α′3/2gs/
∏3
i=1 2πLbi . Performing the integral (3.17)
and comparing with (3.16) gives for the normalization C = 2π, where we used the
usual normalization Tr(λa λb) =
1
2
δab.
Non-vanishing pi and qi in (3.16) indicate exchanges of KK and winding states,
respectively. The exchanges of these states probe the geometry of the D-brane con-
figuration and thus are very model-dependent. On the other hand there are higher
order poles not originating from the world-sheet instanton contributions that are
related to stringy excitations. Including sub-dominant terms of the hypergeometric
functions in the limit x→ 0 gives
A =2iπgs Tr (Λba Λab Λbc Λcb) (2π)4δ(4)
(
4∑
i
ki
)
ψ · χψ · χ (3.19)
× α
′ 3
2
Lb1 Lb2 Lb3
∫ 0+ǫ
0
dx x−1+s(1 + c1x+ c2x
2 + ...)
3∏
i=1
∑
pi,qi
(x
δ
) α′
L2
bi
p2i+
R2xi
R2yi
α′L2
bi
q2i
.
where ci are angle dependent coefficients. Note that the sub-dominant poles are
integer modded indicating that the mass of the exchanged particles is of order Ms,
and can be potentially observed at LHC if the string scale is in the TeV range [8,10].
However the signals are very similar to the ones observed in the scattering of multiple
gauge bosons onto at most two fermions which have been investigated in [25,27,28,47]
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t-channel – exchange of light stringy states
In this channel we expect the exchange of a massless scalar in case of preserved
supersymmetry as well as additional massive states whose mass is basically given
by the product of the intersection angle and the string scale Ms. If the intersection
angle is small these will be long-lived resonances which in case of a low string scale
could be observed at LHC. In addition to these light-stringy excitations one can also
observe exchanges of massive stringy states that even in the limit of a vanishing
intersection angle remain massive. We will briefly comment on those resonances.
In order to perform this analysis we have to determine the behaviour of I(θ, ν, x)
and t(θ, ν, x) in the limit x→ 1. Using the properties of the hypergeometric functions
displayed in appendix D one obtains for I(θ, ν, x)
lim
x→1
1
2π
I(θ, ν, x) ∼ Γ1−θ,ν,1+θ−ν (1− x)θ−ν + Γθ,1−ν,1−θ+ν (1− x)ν−θ
where we define Γα,β,γ =
Γ(α) Γ(β) Γ(γ)
Γ(1−α) Γ(1−β) Γ(1−γ)
. For t(θ, ν, x) we distinguish among two
different scenarios, depending on which angle is larger
lim
x→1
t(θ, ν, x) =
sin(π(θ − ν))
2 sin(πν)
for θ > ν (3.20)
lim
x→1
t(θ, ν, x) =
sin(π(ν − θ))
2 sin(πν)
for θ < ν . (3.21)
As a result the amplitude behaves according to
A =2iπgsTr (Λba Λab Λbc Λcb)ψ · χψ · χ(2π)4δ(4)
(
4∑
i
ki
)∫ 1
1−ǫ
dx (1− x)− 32+k2·k3
×
[(
Γ1−θ1
ab
,1−θ1
bc
,θ1
ab
+θ1
bc
(1− x)θ1ab+θ1bc−1 + Γθ1
ab
,θ1
bc
,2−θ1
ab
−θ1
bc
(1− x)1−θ1ab−θ1bc
)]− 1
2
×
[(
Γ1−θ2
ab
,1−θ2
bc
,θ2
ab
+θ2
bc
(1− x)θ2ab+θ2bc−1 + Γθ2
ab
,θ2
bc
,2−θ2
ab
−θ2
bc
(1− x)1−θ2ab−θ2bc
)]− 1
2
×
[(
Γ−θ3
ab
,−θ3
bc
,2+θ3
ab
+θ3
bc
(1− x)1+θ3ab+θ3bc + Γ1+θ3
ab
,1+θ3
bc
,−θ3
ab
−θ3
bc
(1− x)−θ3ab−θ3bc−1
)]− 1
2
×
∏
pi,qi
2∏
i=1
e−S
3
cl
(θi
ab
,1−θi
bc
,pi)e−S
3
cl
(θi
ab
,1−θi
bc
,qi)e−S
3
cl
(1+θ3
ab
,−θ3
bc
,p3)e−S
3
cl
(1+θ3
ab
,−θ3
bc
,q3) ,
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where e−S
3
cl
(θ,ν,p) takes the form [45] 7
e−S
3
cl
(θ,ν,pi) = exp
[
−π
4
sin(πθ) sin(πν)
| sin(π(θ − ν))|
Lbi
α′
p2i
]
. (3.23)
To simplify the analysis further let us assume that we are in the large volume
limit, thus Rxi , Ryi are large. Thus all world-sheet instanton contributions from
pi, qi 6= 0 are negligible. Additionally for the sake of concreteness the intersection
angles satisfy
θ1ab + θ
1
bc < 1 θ
2
ab + θ
2
bc < 1 |θ3ab + θ3bc| > 1. (3.24)
With these assumptions we can pull out the dominant pole and get for the
amplitude
A =2iπgsTr (Λba Λab Λbc Λcb)ψ · χψ · χ(2π)4δ(4)
(
4∑
i
ki
)
(3.25)
×
∫ 1
1−ǫ
dx
(1− x)−1− 12
∑
I(θ
I
ab
+θI
bc
)+k2·k3
Γ
1
2
1−θ1
ab
,1−θ1
bc
,θ1
ab
+θ1
bc
Γ
1
2
1−θ2
ab
,1−θ2
bc
,θ2
ab
+θ2
bc
Γ
1
2
−θ3
ab
,−θ3
bc
,2+θ3
ab
+θ3
bc
×
[(
1 + c1(1− x)2(1−θ1ab−θ1bc)
) (
1 + c2(1− x)2(1−θ2ab−θ2bc)
)(
1 + c3(1− x)2(−θ3ab−θ3bc−1)
)]− 1
2
.
Here the ci’s are given by
c1 =
Γ1−θ1
ab
,1−θ1
bc
,θ1
ab
+θ1
bc
Γθ1
ab
,θ1
bc
,2−θ1
ab
−θ1
bc
c2 =
Γ1−θ2
ab
,1−θ2
bc
,θ2
ab
+θ2
bc
Γθ2
ab
,θ2
bc
,2−θ2
ab
−θ2
bc
c3 =
Γ−θ3
ab
,−θ3
bc
,2+θ3
ab
+θ3
bc
Γ1+θ3
ab
,1+θ3
bc
,−θ3
ab
−θ3
bc
.
In the case of preserved supersymmetry (
∑
I θ
I
ab =
∑
I θ
I
bc = 0) one indeed observes
the exchange of a massless scalar 8. This particle is identified with φ whose vertex
operator is displayed in eq. (3.7).
The corresponding physical Yukawa coupling between ψ, χ and φ is then
Yψχφ ∼ Γ−
1
4
1−θ1
ab
,1−θ1
bc
,θ1
ab
+θ1
bc
Γ
− 1
4
1−θ2
ab
,1−θ2
bc
,θ2
ab
+θ2
bc
Γ
− 1
4
−θ3
ab
,−θ3
bc
,2+θ3
ab
+θ3
bc
. (3.26)
The angles depend non-holomorphically on the complex structure moduli thus the
Gamma-function expressions cannot be part of the holomorphic Yukawa couplings
7Recall that all three branes intersect exactly once and for simplicity we assume vanishing Wilson
lines and a rectangular torus. With this in mind the intersection angles are given by
| sin(piθi
ab
)| = R1R2
LaiLbi
| sin(piθi
bc
)| = R1R2
LciLai
| sin(pi(θi
ab
− θi
bc
))| = R1R2
LbiLci
. (3.22)
For a generalization to setups with non-vanishing Wilson lines and multiple intersections among
the three D-branes, see [35, 48–50].
8In the non-susy case the lightest exchange particle has mass M2 = 1
2
∑3
I=1
(
θI
ab
+ θI
bc
)
.
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but should rather arise from the Ka¨hler potential. The appropriate normalization
of the vertex operators going from the string theory basis to the supergravity basis
V STφi →
√
KφiφiV
SG
φi
allows one to extract from (3.26) the Ka¨hler metrics in complete
agreement with previous derivations [29, 51–53].
Let us investigate sub-dominant poles of this amplitude. Recall that we expect
massive scalar exchanges, whose mass scales as M2 ∼ θIcaM2s . The expansion x→ 1,
including sub-dominant poles gives[(
1 + c1(1− x)2(1−θ1ab−θ1bc)
) (
1 + c2(1− x)2(1−θ2ab−θ2bc)
)(
1 + c3(1− x)2(−θ3ab−θ3bc−1)
)]− 1
2
≃ 1 + c1(1− x)2(1−θ1ab−θ1bc) + c2(1− x)2(1−θ2ab−θ2bc) + c3(1− x)2(−θ3ab−θ3bc−1) + ...
For concreteness we assume that 1− θ1ab− θ1bc = −θ1ca is small and positive. Then the
amplitude takes the following form
A =ψ · χψ · χ
∫ 1
1−ǫ
dx (1− x)−1+k2·k3 Y 2ψχφ
(
1 + c1(1− x)2(1−θ1ab−θ1bc) + ...
)
, (3.27)
the first sub-dominant term suggests that there is a particle with massM2 = −2θ1ca >
0 exchanged.
As we have discussed in the beginning of this section, the spectrum in the ca
sector indeed reveals a particle with small positive mass −2θ1caM2s , namely the scalar
φ̂, whose vertex operator is given in eq. (3.9). Let us stress that there is no coupling
to the lightest massive field φ˜, which one would have naively expected. This is due
to the fact that the two bosonic twist fields σ do not couple to the excited twist field
τ , but they only couple to an even excited twist field [45]. In agreement with the
latter an inspection of higher poles reveals that the next lightest state exchanged has
a mass −4θ1caM2s = 2M2.
A detailed analysis of the next-lighter massive states while straight-forward is beyond
the scope of the present investigation. Similarly we do not analyze (higher spin)
massive states, whose masses do not vanish for small angles, but we expect similar
results as derived in [24,25,27,28,47]. Such an analysis would require a more detailed
analysis of the sub-dominant poles of the hypergeometric functions. Note that while
signals induced by light stringy states at colliders could be rather difficult to recognize
and discriminate from other kinds of Physics Beyond the Standard Model, still these
signals are expected to be observed first. Moreover, at higher energy scales one
eventually will observe higher spin state signatures, which then hint towards a stringy
nature.
4. Summary and Conclusions
We have carefully studied the spectrum of open strings localized at the intersections
of D6-branes. At the cost of being pedantic and partially overlapping with previous
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investigations [25, 27, 30], we have identified the ground-states as well as the lowest
massive states and displayed the corresponding vertex operators both in the NS-
and R-sectors. We had to pay particular attention to the signs of the intersection
angles [25, 35, 49, 54] since the relevant twist fields depend crucially on those. Along
the way we provide a dictionary between states and vertex operators for an arbitrary
D-brane configuration. We have argued that the masses of the lightest states scale
as M2θ ≈ θM2s and can thus be parametrically smaller than the string scale if the
relevant angle is small. This in turn depends both on the wrapping numbers of the
D6-branes and the shape of the tori or orbifolds. We have not address the issue of
(supersymmetric) moduli stabilization, which is still open – at least from a world-
sheet CFT vantage point – and seems to be in tension with chirality. Instead we
have considered processes that can expose these light stringy states in their interme-
diate channel. Relying on previous analysis, we have computed 4-point scattering
amplitudes of ‘twisted’ open strings and studied their factorization in the s- and t-
channel confirming the presence of the sought for states as sub-dominant poles in the
latter. We have found that only evenly excited ‘twisted’ open strings are exchanged
in the t-channel, quite differently from what happens for the parent closed-string
amplitudes.
We have not analyzed in any detail the poles corresponding to massive, possibly
higher spin, states which remain massive even when some angles are small. Their
analysis is tedious and presents significant analogies with the analysis in [25, 27, 28,
47]. Notwithstanding the limitations of our analysis, we cannot help drawing some
phenomenological conclusions. Assuming a scenario with large extra dimensions and
a low scale string tension proves to be realized in Nature, the spectrum of string
excitations may be rather ‘irregular’ or at least look very different to the regularly
spaced Regge recurrences of the good old Veneziano model. Signals at colliders could
be rather difficult to recognize and discriminate from other kinds of Physics Beyond
the Standard Model. Yet, the possibility that the lightest massive string excitations
be just behind the corner makes worth sharpening our predictions and/or generalizing
it to phenomenologically more viable models, possibly including the effect of closed
string fluxes and non-perturbative effects.
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Appendices
A. Bosonic twist fields
Here we display the defining OPE’s of the bosonic twist fields discussed in chapter 2.
We start with the bosonic twist fields and then turn to the bosonic anti-twist fields.
∂Z(z) σ+θ (w) ∼ (z − w)θ−1τ+θ (w) ∂Z(z) σ+θ (w) ∼ (z − w)−θτ˜+θ (w)
∂Z(z) τ+θ (w) ∼ (z − w)θ−1ω+θ (w) ∂Z(z) τ+θ (w) ∼ (z − w)−θ−1σ+θ (w)
∂Z(z)ω+θ (w) ∼ (z − w)θ−1ρ+θ (w) ∂Z(z)ω+θ (w) ∼ (z − w)−θ−1τ+θ (w)
∂Z(z) τ˜+θ (w) ∼ (z − w)−2+θσ+θ (w) ∂Z(z) τ˜+θ (w) ∼ (z − w)−θω˜+θ (w)
∂Z(z) σ−θ (w) ∼ (z − w)θτ−θ (w) ∂Z(z) σ−θ (w) ∼ (z − w)−θ−1τ−θ (w)
∂Z(z) τ−θ (w) ∼ (z − w)θω−θ (w) ∂Z(z) τ−θ (w) ∼ (z − w)−2−θσ−θ (w)
∂Z(z) τ˜−θ (w) ∼ (z − w)−θ−1σ−θ (w) ∂Z(z) τ−θ (w) ∼ (z − w)−1+θσ˜−θ (w)
∂Z(z) ω˜−θ (w) ∼ (z − w)−1+θτ˜−θ (w) ∂Z(z) ω˜−θ (w) ∼ (z − w)−1−θρ˜−θ (w)
The OPE of the bosonic twist and anti-twist fields σ+θ and σ
−
θ , whose conformal
dimensions are hσ+
θ
= 1
2
θ (1− θ) and hσ−
θ
= −1
2
θ (1 + θ), with the conformal fields
∂Z and ∂Z suggest the following identification
σ−θ = σ
+
1+θ . (A.1)
which can be easily generalized to excited twist fields [45]. With these OPE’s one
can determine the conformal dimension of the respective twist fields. We summarize
our findings in table 3.
Positive angles Negative angles
Fields conf. dim. Fields conf. dim.
σ+θ
1
2
θ(1− θ) σ−θ −12θ(1 + θ)
τ+θ
1
2
θ(3− θ) τ−θ 12(2− θ)(1 + θ)
ω+θ
1
2
θ(5− θ) τ˜−θ −12θ(3 + θ)
τ˜+θ
1
2
(θ + 2)(1− θ) ω˜−θ −12θ(5 + θ)
Table 3: The conformal dimensions of bosonic twist fields.
B. Massive states
In this appendix we discuss various other massive states localized at the intersection
of two D-branes. We apply the dictionary laid out in chapter 2 and display their
corresponding vertex operators.
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Postive angles
The lowest fermionic excitations in the NS-sector are given by [36]
ψI
− 1
2
+θI
| θ1,2,3 〉abNS M2 =
1
2
(
−θI +
∑
J 6=I
θJ
)
M2s (B.1)
whereas the corresponding vertex operators take the form
ψI
− 1
2
+θI
| θ1,2,3 〉abNS : V (−1)ΦI = ΛabΦIe−ϕσ+θIei(θI−1)HI
3∏
J 6=I
σ+θJ e
iθJHJ eikX .
Their corresponding superpartners are given by the following excitation of the R-
groundstate
ψI−1+θI | θ1,2,3 〉abR : V
(−1/2)
ψI
= Λab ψ
α
I Sαe
−ϕ/2σ+θIe
i(θI− 32)HI
3∏
J 6=I
σ+θJ e
i(θJ− 12)HJ eikX
where we applied tables 1 and 2 for the vertex operators. Their masses are given
by M2 = (1− θI)M2s , which coincides with the bosonic masses (B.1) when super-
symmtry is preserved. Via the same procedure we can get the vertex operator for
the state αI−θIψ
I
− 1
2
+θI
| θ1,2,3 〉abNS and its superpartner αI−θIψI−1+θI | θ1,2,3 〉abR
αI−θIψ
I
− 1
2
+θI
| θ1,2,3 〉abNS : V (−1)Φ˜I = Λab Φ˜Ie
−ϕτ+θIe
i(θI−1)HI
3∏
J 6=I
σ+θJ e
iθJHJ eikX
αI−θIψ
I
−1+θI
| θ1,2,3 〉abR : V (−1/2)ψ˜I = Λab ψ˜
α
I Sαe
−ϕ/2σ+θIe
i(θI− 32)HI
3∏
J 6=I
σ+θJ e
i(θJ− 12)HJ eikX
whose masses are given byM2
Φ˜
=
∑
I 6=J
θJ
2
andM2
ψ˜I
= M2s which as expected coincide
for preserved supersymmetry.
C. Correlators
Below we display the necessary correlators for the computation of the four point
amplitude considered in section 3.〈
e−ϕ/2(0)e−ϕ/2(x)e−ϕ/2(1)e−ϕ/2(∞)
〉
= [x(1− x)]− 14 x−
3
4
∞ (C.1)〈
Sα˙(0)Sα(x)Sβ(1)S
β˙(∞)
〉
= ǫαβ ǫ
α˙β˙ (1− x)− 12 x−
1
2
∞ (C.2)〈
eik1X(0) eik2X(x) eik3X(1) eik4X(∞)
〉
= xk1·k2 (1− x)k2·k3 xk4(k1+k2+k3)∞ (C.3)〈
eiαH
I (0) eiβH
I (x) eiγH
I (1) eiδH
I (∞)
〉
= xαβ(1− x)β γxδ(α+β+γ)∞ . (C.4)
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For the bosonic twist field correlator one finds [25, 35, 45, 49, 51]
xν(1−ν)∞ 〈σ+1−θ(0) σ+θ (x) σ+1−ν(1) σ+ν (∞)〉 = x−θ(1−θ) (1− x)−
1
2
(θ+ν)+θν I−
1
2 (θ, ν, x)e−Scl(θ,ν) .
Here I(x, θ, ν) is given by
I(θ, ν, x) =
1
2π
[
B1(θ, ν)G2(x)H1(1− x) +B2(θ, ν)G1(x)H2(1− x)
]
,
where
B1(θ, ν) =
Γ(θ) Γ(1− ν)
Γ(1 + θ − ν) B2(θ, ν) =
Γ(ν) Γ(1− θ)
Γ(1 + ν − θ)
G1(x) = 2F 1[θ, 1− ν, 1; x] G2(x) = 2F 1[1− θ, ν, 1; x]
H1(x) = 2F 1[θ, 1− ν, 1 + θ − ν; x] H2(x) = 2F 1[1− θ, ν, 1− θ + ν; x] .
The classical contribution takes the (Lagrangian) form9
e−Scl(θ,ν) =
∑
p˜i,qi
exp
[
−π sin(πθ)
t(θ, ν, x)
L2bi
α′
p˜2i − π
t(θ, ν, x)
sin(πθ)
R2xi R
2
yi
α′L2bi
q2i
]
(C.5)
with t(θ, ν, x) given by
t(θ, ν, x) =
sin(πθ)
2π
(
B1H1(1− x)
G1(x)
+
B2H2(1− x)
G2(x)
)
(C.6)
and Here Rxi and Ryi are the radii of the two torus and La and Lb denotes the length
of the brane a and b, respectively.
D. Properties of hypergeometric functions
In this appendix we display various properties of hypergeometric functions that we
will use throughout the paper. The hypergeometric function is given by
2F 1[θ, 1− ν, 1, z] =
1
Γ(θ) Γ(1− ν)
∞∑
n=0
Γ(θ + n) Γ(1− ν + n)
Γ(n)
zn
n!
. (D.1)
where the series is only convergent for |z| ≤ 1. Below we display some relations of
the hypergeometric functions, starting with
2F 1[a, b, c, z] = (1− z)c−a−b2F 1c− a, c− b, c, z] . (D.2)
9For the sake of clarity here we simplify the configuration by assuming that all three D-branes
are intersecting exactly once and all Wilson lines are vanishing. A generalization of the results can
be easily obtained using the results of [25, 35, 48, 50]
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For a + b− c 6= m, where m ∈ Z
2F 1[a, b, c, z] =
Γ(c)Γ(c− a− b)
Γ(c− a)Γ(c− b) 2F 1[a, b, a + b− c+ 1, 1− z] (D.3)
(1− z)c−a−b Γ(c)Γ(a+ b− c
Γ(a)Γ(b)
2F 1[c− a, c− b, c− a− b+ 1, 1− z] .
For c = a + b one obtains
2F 1[a, b, a + b, z] =
Γ(a + b)
Γ(a)Γ(b)
∞∑
n=0
(a)n(b)n
(n!)2
(D.4)
× [2ψ(n+ 1)− ψ(a+ n)− ψ(b+ n)− ln(1− z)] (1− z)n ,
where ψ(z) is the Digamma function ψ(z) = d ln Γ(z)
dz
and (a)n denotes Pochhammer’s
symbol (a)n =
Γ(a+n)
Γ(a)
.
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